Numerical simulation is a promising way for improvement of physical insight into collapse dynamics for clouds with strong bubble-bubble interaction. The current study adopts the theory proposed by Brennen et al [6] based on "cloud interaction parameter", although the theory is a simplification of realistic cloud collapses, it shows main features, such as shock focusing and enhancement of the resulting shock strength. We offer high quality CFD Simulations of collapsing vapor-bubble clouds close to a rigid wall. The simulations contain physical details such as wave dynamics, bubble deformation and vapor bubble rebound. The simulation time captures several sequential collapses. Our results show different collapse structures as well as different interaction mechanisms of bubbles. We present focusing features as well as unfocused collapses and discuss their effects on material loads. . Increasing the interaction parameter leads to an enhancement of the collapse pressure of individual bubbles, enhanced vapor production during rebound and enhanced load at the wall. An increase in stand-off distance changes the collapse dynamics significantly. Depending on the interaction, rebounds may occur close to the wall, leading to intense secondary collapses.
Introduction
Collapsing single bubbles have been extensively investigated in the past and results obtained by experiments, theory and simulations are broadly represented in the literature [1] , [2] . Significantly fewer publications can be found where larger bubble clusters are considered [3] [4] [5] . Although there is a simple theory provided by Brennen et al [6] , clusters of bubbles are difficult to investigate experimentally. Therefore, numerical simulation of collapsing bubble clusters is a suitable way to enhance physical insight into collapse processes. To estimate the interaction among bubbles a cloud interaction parameter β was introduced [4] . This parameter is defined as α0·(1-α0)·A0 2 
/R0
2 , where α0 is initial cloud void fraction and A0 and R0 are the cloud and the bubble radius, respectively. It was shown in previous studies [7] , [8] that cloud collapse mechanisms are significantly depending on the cloud interaction parameter. In this investigation the interaction parameter is chosen to be 4, 8 and 11, indicating that bubble interaction is relevant. In the present work a single-fluid approach coupled with a thermodynamic equilibrium model is adopted. When the grid resolution is sufficiently fine, the thermodynamic equilibrium model implicitly resolves the interface and becomes comparable to a sharp interface technique without surface tension [3] . It enables the prediction of re-evaporation processes, such as bubble rebound. Two major physical aspects, namely the cloud interaction parameter and the standoff-distance, are investigated. First, a series of three bubble clusters at a fixed stand-off distance from a wall are generated. The radii of the approximately spherical clusters are kept constant while the common radii of the involved bubbles are varied. This leads to three different cloud interaction parameters. In a second series of computations, the cloud interaction parameter is kept constant while four different stand-off distances are investigated. For all configurations, the dominant collapse mechanism, rebound structures and maximum impact loads are analyzed. A major finding is that the secondary collapse after the first rebound may lead to the highest loads at the solid wall. This indicates that the secondary collapse can considerably contribute to cavitation induced material erosion.
Methodology
The main focus of this investigation is on inertia-driven effects and wave dynamics arising during the collapse of a bubble cloud. Surface tension and viscous effects are neglected and the governing equations are the compressible Euler equations. For this investigation the flow simulation code CaTUM is used [9] . All numerical procedures have been extensively validated and the results have been published in the literature [10] [11] [12] [13] [14] . The compressibility of the fluid is taken into account in order to capture shock formation and wave propagation. Phase change is modelled with equilibrium phase transition, i.e. both phases are in thermal, mechanical and phase equilibrium. In this study, the thermodynamic properties of water (in its liquid and vapor phases) are described by efficient barotropic equations of state. Pure liquid can be modelled by a Tait equation while saturated mixtures are modelled by a barotropic relation p = p (ρ), which is obtained by integration of the equilibrium speed of sound along an isentrope. The vapor volume fraction of a saturated mixture of liquid and vapor can be derived from the saturation densities of both phases. As there is insufficient experimental data of "reference clouds" available, a random procedure proposed by Schmidt et al [3] is utilized to generate bubble clusters. The following criteria are assumed: 1. The bubble cluster covers a spherical domain with a diameter of 30 mm, 150 spherical bubbles of equal radii are randomly generated within it, and the minimum distance between bubbles is one bubble radius. The bubble number density has its maximum at the center of the cloud and follows a K/r rule. Here, K is a positive constant dependent on the selected bubble radius and r is the radial coordinate from the center to the outside of the bubble cluster; 2.The generated cloud is embedded within a small computational domain of 35x35x40 mm³ which itself is embedded in a larger domain of 4x4x2 m³. In the small domain a fine Cartesian grid is applied in order to minimize numerical errors. The large outer domain contains a hexahedral grid where grid cells are stretched towards the boundary, which are inviscid adiabatic walls; 3. All bubbles are filled with water vapor while the surrounding domain contains liquid water at an initial pressure of p∞ = 100 bar. The initial pressure inside the bubbles is equal to the vapor pressure psat = 2340 Pa at T = 293K. The velocity field is initially at rest. 4. The effects of surface tension, viscosity, gravity and non-condensable gas content are neglected.
Problem setup
The aim of this investigation is to examine the influence of two parameters (cloud interaction parameter β and standoff distance d) with respect to the collapse process and on maximum loads at the wall. Therefore, two setups are generated and simulated. For both setups the radius of the generated cloud is A0 = 15mm and the number of bubbles equals 150 for all cases. Setup details are shown in the Table 1 
Results
Setup I: Variation of interaction parameter β. The variation of this quantity will affect the cloud collapse behaviour, e.g. the strength of bubble-bubble interaction, intensities of collapses of individual bubbles and of the focused collapse at the center of the bubble cluster. Figure 1 shows the dimensionless temporal evolution of the equivalent radius Requiv as well as of the output from the numerical pressure transducer at the wall for all three interaction parameters. It can be seen that the relative duration of the cloud collapse is about 60% of the case-specific Rayleigh time [15] for all three configurations. However, the subsequent re-evaporation is quite different between the three cases. The smaller the interaction parameter, the more pronounced is the delay between collapse and rebound. This tendency seems to hold for subsequent collapses of reevaporated structures as well.
With respect to the evolution of the pressure recorded at the wall, the following trends are found. Weak interaction leads to a low frequency increase of the pressure. Higher interaction causes high frequency pressure oscillations and larger amplitudes (see Fig. 1 ). However, a comparison of the maximum pressure recorded by the numerical transducers subsequent to the collapse phases show an unexpected behaviour, as depicted in Figure 2 . While the load at the wall decays more or less monotonically in case of strong interaction, it stays approximately constant in case of very weak interaction. In case of intermediate interaction (here for β = 8) a nonlinear trend is predicted. In this case, the most intense load at the wall occurs after the secondary collapse. Figure 3 shows the dimensionless temporal evolution of the equivalent radius Requiv as well as of the output from the pressure transducer at the wall for all four stand-off distances. Again, the duration of the collapse of the primary cloud is approximately 60% of the Rayleigh time of an equivalent bubble for all cases. It can be seen that the duration of the primary collapse is slightly shorter when the stand-off distance is increased. The wall partially confines the flow field for small stand-off distances, while it has minor effects when the cloud is located sufficiently far away from it. As β = 8, moderate interaction intensity and collapse focussing occurs for all cases. An unexpected behaviour is seen for the second and the third rebound of vapour structures. The maximum amount of vapour is inversely proportional to the initial stand-off distance during the first rebound. This is, however, not the case for the second rebound, where the tendency seems to be reversed. The output of the numerical pressure transducer at the wall shows that the pressure increases during the end of a collapse phase and features several maxima during collapse and rebound (Fig. 3) . This observation holds for all four stand-off distances and all computed collapserebound-cycles. Figure 4 shows maximum pressures recorded at the wall after three collapse phases for all investigated stand-off distances. As expected, the intensity of the primary collapse is inversely proportional to the initial stand-off distance. This trend can be explained by the location of the focal point of the collapse, which locates more closely to the wall if the stand-off distance is smaller. Interestingly, the pressures recorded after the secondary collapses and especially subsequent to the third collapses show a nonlinear behaviour: for a stand-off distance of d = 1.2 mm a decrease in pressure is predicted for subsequent collapses. In case of d = 3.2 mm to d = 10 mm the pressures recorded after the secondary collapses exceed those recorded after the primary collapses. Although the collapse intensities decrease when comparing collapses 2 and 3, an unexpected trend is found: the pressures recorded after the third collapse are now proportional to the initial stand-off distance. In order to understand this behavior, the maximum vapor volume during rebound and the position of the focal point of the subsequent collapse are investigated. The maximum vapour volume (or the radius of the equivalent bubble) is reversed in order when comparing rebound 1 to rebound 2. Additionally, the focal points are shifted towards the wall in all cases. Both contributions affect the pressure recorded at the wall. However, the maximum pressure at the focal point of a (focussed) cloud collapse is not necessarily related to the pressure recorded at the wall. For example, in case of d = 10 mm, the pressure detected at the focal point is much higher during the primary collapse compared to the subsequent collapses. 
Conclusion
This study shows the effects of the cloud interaction parameter and of the stand-off distance on the collapse of a cloud of vapor bubbles in a liquid ambient. Maximum loads at the surface are recorded by application of a numerical force/pressure transducer. Two series of numerical simulations with in total seven cases were performed and analyzed. The major findings are: 1. The cloud interaction parameter proposed by Brennen [4] is a suitable measure for bubble interactions and shock focusing. From this investigation it can be concluded that an interaction parameter of O(1) or smaller results in weak interaction without shock/collapse focusing. Once the interaction parameter is O(10) or higher, strong interaction and pronounced focusing are to be expected. Increasing the interaction parameter β leads to an enhancement of geometrical focusing and of the collapse pressure of individual bubbles. Additionally, the intensification of vapor production close to the wall during rebound is observed and, consequently, an increase of maximum loads at the wall is detected. 2. The stand-off distance is well suited to quantify the intensity of the primary cloud collapse with respect to its erosive potential at an adjacent material surface. However, this investigation shows that secondary and even third collapses subsequent to rebound processes can cause intense loads at material surfaces, too. Therefore, primary collapses and collapses of rebounded vapor structures are both potentially relevant for erosion. The primary collapse induces a velocity field which targets towards the wall and rebounding vapor patters are advected with this velocity field. Secondary and tertiary collapses occur closer and closer to the wall and the resulting load at the wall increases as well. Further studies of this work will include non-homogeneous initial bubble radii in order to assess effects of micro-scale details aside from macro-scale quantities such as the interaction parameter. Further numerical developments will be the inclusions of viscous effects and non-condensable gas content. a = 0.4%, β = 4 a = 3%, β = 8 a = 8%, β = 11 a -c: Pressure field and vapor iso-surface after the prior collapse before the second. In the first case no pronounced cloud appears during rebound. In the other two cases vapor rebound occurs right at the wall, a secondary cloud in the center of the domain. Clouds collapse from top to bottom in both latter cases.
d -f:
Pressure field and vapor iso-surface at the second collapse. In the first case relatively small collapse of 1.1·10 4 bar appears above the wall.
In the middle case vapor at the wall collapses producing pressure peak of 1.78·10 4 bar. The last case shows the most violent collapse at the wall of 2.26·10 4 bar. This type of collapse is supposed to be highly relevant for cavitation erosion.
g -i:
Pressure field and vapor iso-surface at the third collapse. In the first case the position of a collapse shifts further towards the wall and it occurs right at the wall with pressure magnitude 0.4·10 4 bar. In the middle case the third collapse of 0.8·10 4 bar is also at the wall. In opposite, the last case shows no significant impact on the wall since vapor structures are driven far above the wall and then collapse with 0.07 ·10 4 ·bar. Two latter clouds collapse from bottom to top. 
